Introduction {#section1-1074248416629549}
============

Potassium is an essential dietary mineral that is precisely balanced by internal and external homeostatic mechanisms. Internal balance, largely provided by muscle and liver tissue, is maintained through a defined distribution of potassium between intracellular (98%) and extracellular fluids (2%). In contrast, net gain or loss of potassium from the body comprises external balance and is primarily regulated by the kidney, along with extrarenal mechanisms present in the gastrointestinal (GI) tract.^[@bibr1-1074248416629549],[@bibr2-1074248416629549]^

Potassium ingested in the diet totals, on average, ∼100 mEq/d. More than 90% of this dietary intake is absorbed, with the primary absorption site being the jejunum and upper ileum of the small intestine.^[@bibr3-1074248416629549]^ Normally, potassium balance is regulated by the kidneys, which excrete 90% to 95% of dietary potassium, with the remaining 5% to 10% excreted in the colon.^[@bibr3-1074248416629549]^ Several physiologic signals promote potassium secretion into the urine, including aldosterone, high distal sodium delivery, high urine flow rate, high potassium concentration in tubule cells, and metabolic alkalosis.^[@bibr4-1074248416629549]^ The large intestine is the site of additional potassium secretion, which occurs by 2 mechanisms, passive secretion through a paracellular route^[@bibr1-1074248416629549]^ and active secretion through BK channels.^[@bibr5-1074248416629549]^ Accordingly, potassium has a relatively high concentration in the colon compared to other cations.^[@bibr6-1074248416629549],[@bibr7-1074248416629549]^

When kidney function is compromised, as found in patients with chronic kidney disease (CKD) and end-stage renal disease, urinary excretion of potassium is decreased and colonic secretion of potassium is markedly increased.^[@bibr8-1074248416629549][@bibr9-1074248416629549]--[@bibr10-1074248416629549]^ Both active and passive secretory mechanisms are used to increase colonic potassium secretion to levels as high as 20 to 80 mEq/d in these patients.^[@bibr3-1074248416629549],[@bibr11-1074248416629549],[@bibr12-1074248416629549]^ This adaptive response to increased serum potassium involves an upregulation of the number of BK channels (KCNMA1, commonly known as "big potassium" channels) present on the apical surface of colonic epithelial cells, as well as an alteration in the regulatory signals that promote potassium secretion.^[@bibr13-1074248416629549],[@bibr14-1074248416629549]^ This adaptive response, however, may not be sufficient to maintain normal serum potassium levels, due in part to variation in colonic secretion capacity and the central role provided by the kidney in potassium excretion.

As a result, incidental hyperkalemia rates as high as 26% in patients with CKD stages 3 to 5 have been reported in one study,^[@bibr15-1074248416629549]^ and persistent hyperkalemia rates of 4% in patients with CKD stage 3 and of 13% in patients with CKD stage 4 have been reported in another study.^[@bibr16-1074248416629549]^ There is a significant clinical risk associated with hyperkalemia, and this risk is of particular significance in patients with CKD, where its occurrence increases the odds of mortality within 1 day of an observed hyperkalemic event.^[@bibr15-1074248416629549]^ Other clinical risk factors for hyperkalemia include diabetes mellitus and older age.^[@bibr17-1074248416629549],[@bibr18-1074248416629549]^ The use of renin--angiotensin--aldosterone system inhibitors (RAASi), such as angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers, aldosterone antagonists, and renin inhibitors, can also reduce potassium excretion.^[@bibr19-1074248416629549][@bibr20-1074248416629549][@bibr21-1074248416629549]--[@bibr22-1074248416629549]^

More than 50 years ago, the cation-exchange resin sodium polystyrene sulfonate (SPS; Kayexalate; Sanofi-Aventis, Bridgewater, New Jersey) became available for clinical use in the United States.^[@bibr23-1074248416629549]^ However, randomized, controlled clinical data to demonstrate the effectiveness of SPS are limited, and it is generally not well tolerated in patients, thus limiting chronic use.^[@bibr24-1074248416629549]^ Administration of the drug can be associated with life-threatening side effects including intestinal necrosis.^[@bibr24-1074248416629549],[@bibr25-1074248416629549]^ Further, because sodium is used as the counterion in SPS, caution is advised in patients who cannot tolerate even a small increase in sodium loads, such as patients with heart failure, severe hypertension, or marked edema, all of which are common in patients with CKD.^[@bibr25-1074248416629549][@bibr26-1074248416629549][@bibr27-1074248416629549][@bibr28-1074248416629549]--[@bibr29-1074248416629549]^

Patiromer {#section2-1074248416629549}
---------

Patiromer, a novel next-generation spherical nonabsorbed polymer, is approved for the treatment of hyperkalemia. Patiromer was developed to provide higher potassium-binding capacity relative to the polystyrene sulfonate polymer. It possesses improved physical properties such as a low swelling ratio allowing only minimal water absorption and, importantly, patiromer uses calcium, not sodium, as the exchange cation.

Patiromer was designed to be fully ionized at the physiological pH of the colon for optimal ion exchange where the concentration of potassium in the GI tract is the highest. Clinical trials assessing the safety, tolerability, and efficacy of patiromer in treating patients with CKD having hyperkalemia have been completed with all end points (including safety, reduction and sustained control of serum potassium within the normal range, and reduction in recurrent hyperkalemia) having been met.^[@bibr30-1074248416629549],[@bibr31-1074248416629549]^ Here, we describe the structure of the active moiety (ie, the polymer anion) and the synthesis, physical properties, in vitro potassium-binding capacity, and putative mechanism of action of patiromer. In addition, the physical stability and potassium fecal and urine excretion profile of patiromer in humans are reported.

Methods and Materials {#section3-1074248416629549}
=====================

All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the Institute for Laboratory Animal Research, National Research Council. All study protocols were approved by an Institutional Animal Care and Use Committee prior to the initiation of the studies. Human studies were reviewed by an institutional review board prior to study initiation. Written, informed consent was obtained from all participants before conducting any study activity.

As noted in the following methods of the nonclinical studies and the early clinical study of patiromer presented here, the drug substance used, RLY5016, was the polymer anion with calcium counterion, except for one nonclinical study that used protonated patiromer (RLY5016H). Subsequently, a more stable drug substance was developed. This drug substance, comprising the polymer anion and calcium-sorbitol counterion (RLY5016S), was used in later studies, including a phase 1 onset of action study,^[@bibr32-1074248416629549]^ a phase 3 2-part trial,^[@bibr30-1074248416629549]^ and a phase 2 1-year study.^[@bibr31-1074248416629549]^ Importantly, sorbitol was not added to induce an osmotic diarrhea as is the case with sorbitol added to SPS. In addition, the amount of sorbitol in RLY5016S is approximately 5- to 10-fold lower than that commonly administered in a dose of SPS. Regardless of differences in the drug substances, the active moiety (ie, the polymer anion) was unchanged throughout the nonclinical and clinical development program. In the clinical study discussed here, patiromer doses are expressed as the amount of the polymer anion.

Structure and Synthesis of the Patiromer Polymer {#section4-1074248416629549}
------------------------------------------------

The active moiety, patiromer, is a carboxylic acid compound substituted at the alpha position with fluorine, comprising a copolymer of 2-fluoroacrylic acid, divinylbenzene, and 1,7-octadiene ([Figure 1](#fig1-1074248416629549){ref-type="fig"}). The patiromer polymer has a lower molecular weight than polystyrene sulfonate per potassium-binding site, providing a higher absolute binding capacity. Because of the strong electron-withdrawing characteristic of the fluorine that is positioned close to the carboxylate group, the pKa is reduced relative to acrylic acid,^[@bibr33-1074248416629549]^ resulting in an acid that is strong enough to maintain its binding capacity at the physiological pH of the small and large intestines.

![Chemical structure of the active moiety of patiromer CAS\#: 1260643-52-4. CAS name: 2-propenoic acid, 2-fluoro-, polymer with diethenylbenzene and 1,7-octadiene. m indicates number of 2-fluoro-2-propenoic acid groups, m = 0.91; n, p, number of cross-linking groups, n + p = 0.09. \*An extended polymeric network.](10.1177_1074248416629549-fig1){#fig1-1074248416629549}

Patiromer is made in a high-yield 2-step process, with the first being polymerization and the second being hydrolysis. Standard suspension polymerization techniques form the patiromer beads by mixing a homogeneous organic phase containing the starting materials methyl 2-fluoroacrylate, divinylbenzene, and 1,7-octadiene in an immiscible aqueous medium that contains suspending agent, salt, an inhibitor, and a buffer system. This process creates an emulsion, with the organic phase dispersed into spheres containing the monomer and reactive cross-linkers that form the polymer. The size of the spheres can be carefully controlled by altering the reactor conditions, thus ensuring the formation of uniform beads with a defined size. The spherical beads resulting from the polymerization reaction (step 1) undergo hydrolysis with sodium hydroxide in a water:methanol mixture at elevated temperatures to cleave the methyl ester group and form the corresponding carboxylic acid sodium form. This carboxylic acid sodium form is then converted in situ to the calcium form by ion exchange with calcium chloride solution.

Determination of Patiromer Particle Size Distribution {#section5-1074248416629549}
-----------------------------------------------------

The particle size and size distribution of patiromer were determined via laser light diffraction with a Malvern Mastersizer 2000 (Malvern Instruments, Malvern, UK). RLY5016 sample (150-170 mg) was placed into a vial, and 2 mL of water was added. The suspension was sonicated for 5 minutes. An aliquot of this suspension was then used to measure the particle size. Results for distribution D (0.50), D (0.05), and D (0.95) are presented (in μm) as the mean value of the 3 replicate measurements.

Patiromer Absorption, Distribution, Metabolism, and Excretion Studies in Rats and Dogs {#section6-1074248416629549}
--------------------------------------------------------------------------------------

RLY5016 was radiolabeled with ^14^C during synthesis using a \[1-^14^C\]-1,7-octadiene cross-linking agent that is a component of the finished polymer beads. The specific activity of the radiolabeled beads, determined by combustion analysis, was 343 μCi/g of RLY5016. Final water washes of the radiolabeled beads yielded a specific activity of 0.702 μCi/g polymer (ie, approximately 0.2% of the total specific activity of 343 μCi/g polymer). An analysis of impurities confirmed the radioactivity in water washes was from unincorporated radiolabeled cross-linker (\[1-^14^C\]-1,7-octadiene). Plasma, fecal, and urinary monitoring was conducted to assess possible absorption and distribution of the labeled drug in rats and dogs.

Seventeen male Sprague Dawley rats were assigned to 3 groups and administered a single dose of ^14^C-RLY5016 at 313 mg/kg (107 μCi/kg) via oral gavage. Urine and feces were collected at designated predose and postdose time intervals from group 1 (n = 3). Cage wash/wipe samples and tissue from the residual carcasses of these rats were collected upon killing. Blood was collected from group 2 (n = 9) with 3 rats per collection time point, at 0.25, 0.5, 1, 2, 4, 8, 24, 48, and 72 hours postdose. In group 3 (n = 5), rats were immediately prepared for quantitative whole-body autoradiography (QWBA) following blood collections (1 rat per collection time point) at 0.25, 1, 4, 24, and 72 hours postdose. Briefly, for QWBA, rats were euthanized and immersed in a hexane/dry ice bath following blood collections, embedded in chilled carboxymethylcellulose, and frozen into blocks. Sections were prepared from 5 levels of interest in the sagittal plane that encompassed all major tissues, organs, and biological fluids.

Six purebred beagle dogs (3 males and 3 females) were administered a single oral dose (capsule) of ^14^C-RLY5016 at 350 mg/kg (105 μCi/kg). Blood samples were collected at 0.25, 0.5, 1, 2, 4, 8, 24, 48, 72, 96, 120, and 168 hours postdose. Urine and feces were collected at various intervals through 168 hours postdose. Following the final urine and fecal collections, animals were killed and cage wipe/wash samples were also collected for radioanalysis.

Whole blood, plasma, feces, urine, vomitus, homogenized tissue, and cage wash samples were analyzed for radioactivity by liquid scintillation counting. Tissue distribution of radioactivity associated with single-dose administration of ^14^C-RLY5016 was measured in rats using QWBA and analysis of tissue samples.

In Vitro Potassium-Binding Capacity of Patiromer {#section7-1074248416629549}
------------------------------------------------

Comparative in vitro binding capacities of different polymers were measured using the proton (acid) form of each polymer (4 mg/mL) incubated for 24 hours in triplicate at room temperature in a simple potassium buffer (200 mmol/L 2-\[morpholino\]ethanesulfonic acid, 150 mmol/L potassium) at pH 6.5. Depletion of potassium from the buffer supernatant was measured by ion chromatography and used to calculate potassium-binding capacity. Protonated patiromer (RLY5016H) was prepared by exposure to 4 N hydrochloric acid (HCl), washing in water to remove excess HCl, and drying. Proton-form polystyrene sulfonate (polystyrene sulfonate H) was similarly prepared from commercially obtained SPS. Amberlite IRP-64 H and Dowex 50WX4-200 were obtained already in the proton form from a commercial vendor (Sigma-Aldrich, St Louis, Missouri).

Serum Potassium and Potassium Fecal Excretion With Patiromer in an In Vivo Hyperkalemic Rat Model {#section8-1074248416629549}
-------------------------------------------------------------------------------------------------

We developed a rat hyperkalemia model, designated NADR-TQ, in which chronic renal failure was induced in male Sprague Dawley rats via subtotal (5/6) nephrectomy (Nx) followed by a single intravenous injection of doxorubicin hydrochloride (Adriamycin, 3.5 mg/kg), and a hyperkalemic state was induced by treatment with trimethoprim (T; 0.3% wt/wt in the chow, which reduces renal potassium excretion, similar to the effect of a potassium-sparing diuretic) and quinapril (Q; an ACEI; 30 mg/L in the drinking water) at 2 weeks post-Nx.^[@bibr34-1074248416629549]^ Sprague Dawley rats with normal renal function have a serum potassium level of 6.0 ± 0.65 mEq/L (data on file). NADR rats that were not exposed to Q and T showed a slight but significant elevation in serum potassium at 2 weeks postdoxorubicin injection, 6.58 ± 0.65 mEq/L (*P* \< .01 relative to normal controls). The combination of T and Q as supplements to the diet of the NADR rats further exacerbated the hyperkalemia, resulting in a persistent and progressive hyperkalemia. The serum potassium level in the NADR-TQ rats at days 7 and 14 was 7.6 ± 0.7 mEq/L and 7.3 ± 0.7 mEq/L, respectively (*P* \< .001 relative to normal controls).

To examine the effect of patiromer on hyperkalemia, animals were randomly assigned to receive RLY5016 (4% wt/wt \[2.6 g/kg/d\] in chow) or chow alone (10 per group). Serum samples were collected from all rats 5 days prior to doxorubicin injection and on days 7 and 14 postdoxorubicin injection. Twenty-four-hour urine and fecal samples were collected, and body weight and food and water consumption were assessed at day −1 and days 7 and 14 postdoxorubicin injection.

Potassium Fecal and Urine Excretion and Patiromer Structural Stability in Healthy Adults Administered Patiromer {#section9-1074248416629549}
---------------------------------------------------------------------------------------------------------------

The extent of potassium fecal and urine excretion following RLY5016 treatment was determined in a phase 1 single- and multiple-dose escalation study. In this study, 33 healthy adult volunteers were randomized to 1 of the 4 treatment groups in which 6 of the 8 participants received RLY5016: at 0.8, 4.2, 8.4, or 16.8 g patiromer, administered 3 times daily (TID), and 2 of the 8 participants received placebo, for 8 days (days 12-19 of the study). Participants were required to consume a controlled diet throughout the course of the study that provided a consistent amount of daily elemental potassium. Urine and feces were collected over 24-hour periods over days 5 to 11 following screening (baseline) and during days 13 to 19 of each treatment period (end point). Urine aliquots were assayed by Bronson Methodist Hospital Laboratory, Kalamazoo, Michigan. Each pooled 24-hour fecal collection was weighed and frozen at −20°C until analysis; homogenized fecal aliquots were analyzed by Battelle Toxicology Northwest, Richland, Washington. Mean values at baseline were compared among treatment groups using a 1-way analysis of variance fixed-effects model. Analysis of covariance with the baseline value as the covariate was used for the end point and for the change from baseline to end point analyses of urinary and fecal potassium.

The structural stability of patiromer was assessed by recovering polymer beads from fecal samples obtained from healthy subjects in the phase 1 study described above. Patiromer polymer beads were separated from fecal samples, and images of beads were taken using an Olympus BX40F-3 microscope under bright field conditions.

Results {#section10-1074248416629549}
=======

Uniform and Controlled Particle Size of Patiromer {#section11-1074248416629549}
-------------------------------------------------

Patiromer manufactured with the suspension polymerization process resulted in insoluble spherical beads of uniform and controlled size. Particle size and volume-based particle size distribution of patiromer were determined by laser diffraction. A Malvern chromatograph of a representative patiromer batch ([Figure 2](#fig2-1074248416629549){ref-type="fig"}) showed that 90% of the bead particles were within the size range of 74 to 179 μm, with a median particle size of 118 μm (D \[0.05\] = 74 μm; D \[0.50\] = 118 μm; and D \[0.95\] = 179 μm; ie, 95% of the particles were larger than 74 μm and 95% were smaller than 179 μm).

![Malvern chromatograph of a representative RLY5016 batch. Particle size and size distribution of RLY5016 were determined via laser light diffraction.](10.1177_1074248416629549-fig2){#fig2-1074248416629549}

A light microscopy image of patiromer beads and SPS crystals is shown in [Figure 3](#fig3-1074248416629549){ref-type="fig"}. In contrast to patiromer, SPS particles have characteristic irregular, jagged-shaped fragments and a broad particle size distribution with many small fines.

![Light microscopy images (×100 magnification) of RLY5016S (left) and sodium polystyrene sulfonate (right).](10.1177_1074248416629549-fig3){#fig3-1074248416629549}

Patiromer Is not Systemically Absorbed {#section12-1074248416629549}
--------------------------------------

The nonabsorbed nature of the patiromer polymer was shown in rat and dog studies using radiolabeled drug. Following the administration of radioactively labeled RLY5016 to rats, radioactivity was assessed in urine, feces, cage wash, cage wipe, and carcasses. Elimination kinetics through urine and feces are shown in [Figure 4](#fig4-1074248416629549){ref-type="fig"}. Following oral administration of 313 mg/kg ^14^C- RLY5016 (107 μCi/kg) to rats, the mean total recovery of radioactivity was 84.3%, with 84.1% excreted in feces and 0.15% in urine. The proportion of radioactivity detected in the urine was consistent with unincorporated radiolabeled cross-linker (\[1-^14^C\]-1,7-octadiene) present in a water wash of the polymer (0.2%). Most of the radioactivity was excreted within 48 hours of dosing. There was no detectable radioactivity by 168 hours postdose. The lower-than-expected fecal recovery of radioactivity in this study was attributed to difficulty collecting and homogenizing the rat fecal samples; this is corroborated by the negative (outside the GI tract) results of QWBA analysis, which demonstrated that radioactivity was limited to the GI tract (stomach, small intestine, large intestine, and cecum), and no detectable levels of radioactivity were seen in any other tissues or organs at any time point after dosing ([Table 1](#table1-1074248416629549){ref-type="table"}).

![Radioactivity in urine and feces after ^14^C-RLY5016 administration to rats. Rats (n = 3) were administered with a single oral dose of ^14^C-RLY5016 (313 mg/kg; 107 μCi/kg). Data are shown as mean ± standard deviation; N = 3.](10.1177_1074248416629549-fig4){#fig4-1074248416629549}

###### 

Concentrations of Radioactivity in Tissues Determined by QWBA at Specified Times After a Single Oral Administration of 350 mg/kg ^14^C-RLY5016 to Male Rats.

![](10.1177_1074248416629549-table1)

  Time Postdose, hours   μg equivalents ^14^C-RLY5016/g   
  ---------------------- -------------------------------- ----
  0.25                   76,800-84,900                    ND
  1                      47,900-60,100                    ND
  4                      10,500-19,400                    ND
  24                     ND                               ND
  72                     ND                               ND

Abbreviations: GI, gastrointestinal; ND, not detectable; QWBA, quantitative whole-body autoradiography.

^a^Values represent the range of concentrations of radioactivity measured within the individual sections of the GI tract.

Following the administration of radioactively labeled RLY5016 to dogs, radioactivity in urine, feces, vomitus/emesis, cage debris, cage wash, and cage wipe was measured. Oral administration of ^14^C-RLY5016 (350 mg/kg; 105 μCi/kg) showed that radioactivity was readily eliminated, with most of the signal excreted from the animals by 48 hours postdose. Elimination kinetics through urine and feces are shown in [Figure 5](#fig5-1074248416629549){ref-type="fig"}. After oral administration of radiolabeled RLY5016, the mean total recovery of radioactivity was 102% in male dogs and 107% in female dogs, with 99.9% of the radioactivity excreted in the feces and \<0.1% excreted in the urine.

![Radioactivity in urine and feces after ^14^C-RLY5016 administration to dogs. Three male and 3 female beagle dogs were administered a single oral dose of ^14^C-RLY5016 (350 mg/kg; 105 μCi/kg). Data are shown as mean ± standard deviation.](10.1177_1074248416629549-fig5){#fig5-1074248416629549}

Analysis showed that 0.004% and 0.002% of the administered radiolabel was present in plasma in the rat and dog, respectively. Chromatographic data indicated that the small amount of radiolabel detected in plasma was from unincorporated labeled cross-linker (\[1-^14^C\]-1,7-octadiene) and not from the labeled polymer itself. Collectively, these findings demonstrated the nonabsorbed nature of the patiromer polymer and its lack of systemic bioavailability.

Patiromer Has High In Vitro Potassium-Binding Capacity {#section13-1074248416629549}
------------------------------------------------------

To compare the potassium-binding capacity of RLY5016H with traditional cation exchange polymers at a pH typical of the colon, protonated (H) versions of the products were incubated in a buffer at pH 6.5 in the presence of excess (150 mmol/L) potassium. Under these conditions, RLY5016H bound 8.5 to 8.8 mEq of potassium per gram of polymer ([Table 2](#table2-1074248416629549){ref-type="table"}). The maximum binding capacity for patiromer (ie, under highly basic conditions \[100 mmol/L KOH, pH 12\]) was 8.4 to 10 mEq/g. Therefore, at physiological pH, ≥85% of the total binding capacity of patiromer was available for cation exchange.

###### 

Potassium Binding by Protonated Polymers Under Conditions Mimicking Large Intestine pH and Residence Time.

![](10.1177_1074248416629549-table2)

  Polymer (4 mg/mL)          Potassium Bound^a^ (mEq/g) (Mean ± SD)   Final pH^b^ (Mean ± SD)
  -------------------------- ---------------------------------------- -------------------------
  Experiment 1 (N = 3)                                                
   RLY5016H^c^               8.53 ± 0.13                              6.21 ± 0.02
   Amberlite IRP-64H         3.62 ± 0.28                              6.42 ± 0.02
   Polystyrene sulfonate H   5.09 ± 0.05                              6.35 ± 0.02
   Dowex 50WX4               5.25 ± 0.11                              6.34 ± 0.02
  Experiment 2 (N = 3)                                                
   RLY5016H^c^               8.77 ± 0.35                              6.23 ± 0.01
   Amberlite IRP-64H         3.75 ± 0.05                              6.43 ± 0.02
   Polystyrene sulfonate H   4.80 ± 0.3                               6.36 ± 0.01
   Dowex 50WX4               4.97 ± 0.03                              6.35 ± 0.02

Abbreviation: SD, standard deviation.

^a^Potassium (K) bound to the test polymers (mEq/g) was calculated as (K~start~ − K~eq~) × dilution factor/polymer concentration, where K~start~ is the potassium ion concentration (mmol/L) measured in the diluted control sample, and K~eq~ is the potassium ion concentration (mmol/L) in the diluted test samples after incubation with polymer.

^b^Starting pH was 6.5.

^c^RLY5016H is the protonated form of RLY5016.

Amberlite IRP-64H, a weak, carboxylic acid (poly\[methacrylic acid\]) polymer, had a total capacity of 10.4 mEq/g under basic conditions (100 mmol/L KOH, pH 12) but bound only 3.6 to 3.8 mEq of potassium per gram of product at physiological pH, corresponding to only 36% of the total binding capacity for the product. Polystyrene sulfonate H and Dowex 50WX4 polymers contain strongly acidic sulfonate groups, which are fully ionized in the physiological pH range and use their full capacity to bind potassium under these conditions. However, the total capacity of these 2 polymers is only 4.8 to 5.3 mEq/g. Under in vitro conditions mimicking the pH and potassium content of the colon, patiromer demonstrated a 1.5- to 2.5-fold improvement over the other polymers tested.

Patiromer Decreases Serum Potassium via an Increase in Fecal Excretion in a Hyperkalemic Rat Model {#section14-1074248416629549}
--------------------------------------------------------------------------------------------------

In a rat model of hyperkalemia, NADR-TQ, 5/6 nephrectomized Sprague Dawley rats were administered doxorubicin, T, and Q to create a progressive hyperkalemic state. NADR-TQ rats were treated with RLY5016 (4% wt/wt \[2.6 g/kg/d\]) in chow or chow alone for 14 days. After 14 days of treatment, NADR-TQ rats receiving RLY5016 had significantly (*P* \< .001) greater fecal potassium excretion than untreated NADR-TQ rats (0.33 ± 0.06 mEq potassium/d vs 0.15 ± 0.08 mEq potassium/d; [Figure 6A](#fig6-1074248416629549){ref-type="fig"}). RLY5016 induced an additional increase in fecal potassium excretion through the feces, despite the fact that fecal potassium excretion in the NADR-TQ rats was already increased 3-fold due to renal insufficiency. In contrast, there was no effect of RLY5016 treatment on urinary potassium excretion in NADR-TQ rats ([Figure 6B](#fig6-1074248416629549){ref-type="fig"}). Thus, the increased fecal potassium excretion observed in RLY5016-treated animals was not a compensation for decreased urinary secretion.

![Patiromer effects on fecal (A) and urinary (B) potassium excretion in NADR-TQ rats at day 14 of treatment. Male Sprague Dawley rats with chronic renal failure and hyperkalemia (N = 10 per group) were randomly assigned to receive RLY5016 (4% wt/wt in chow; closed bars) or chow alone (open bars). Data are shown as mean ± standard deviation.](10.1177_1074248416629549-fig6){#fig6-1074248416629549}

The net effect of increased fecal potassium excretion in RLY5016-treated animals was reduction in total body potassium and normalization of serum potassium levels. At day 7, RLY5016-treated NADR-TQ rats demonstrated significantly lower serum potassium levels than untreated NADR-TQ rats (6.4 ± 0.8 mEq/L vs 7.6 ± 0.7 mEq/L, *P* \< .001). Thus, serum potassium levels were within the normal range (6.00 ± 0.65 mEq/L) in the treated animals, whereas untreated NADR-TQ rats were hyperkalemic (\>6.7 mEq/L; [Figure 7](#fig7-1074248416629549){ref-type="fig"}). At day 14, the serum potassium levels in the RLY5016-treated group were also lower than untreated NADR-TQ rats, but the difference was not statistically significant (data not shown).

![Patiromer attenuates hyperkalemia in NADR-TQ rats. Male Sprague Dawley rats with chronic renal failure and hyperkalemia (N = 10 per group) were randomly assigned to receive RLY5016 (4% wt/wt in chow) or chow alone. Serum potassium levels were measured in all rats 5 days prior to doxorubicin injection and on days 7 postdoxorubicin injection. Data are shown as mean ± standard deviation. Horizontal dotted lines mark the normal serum potassium range for male Sprague Dawley rats of the same age. K^+^ indicates potassium; NADR-TQ, 5/6 nephrectomy (Nx) followed by a single intravenous injection of doxorubicin hydrochloride (Adriamycin; 3.5 mg/kg), and a hyperkalemic state was induced by treatment with trimethoprim (T; 0.3% wt/wt in the chow, which reduces renal potassium excretion, similar to the effect of a potassium-sparing diuretic) and quinapril (Q; an angiotensin-converting enzyme inhibitor \[ACEI\]; 30 mg/L in the drinking water) at 2 weeks postnephrectomy.](10.1177_1074248416629549-fig7){#fig7-1074248416629549}

Patiromer increases fecal and decreases urinary potassium excretion and remains physically stable during passage through the GI tract in healthy adults {#section15-1074248416629549}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Fecal and urinary potassium excretion was assessed in the phase 1 study of 33 healthy participants administered RLY5016 at 0.8, 4.2, 8.4, or 16.8 g patiromer TID for 8 days. Fecal potassium excretion increased and urinary potassium excretion decreased relative to placebo for the 3 highest RLY5016 dose groups, and the effect appears to be dose proportional (*P* \< .001 vs placebo for 8.4 and 16.8 g patiromer TID; [Table 3](#table3-1074248416629549){ref-type="table"}).

###### 

Fecal and Urinary Excretion of Potassium in a Phase 1 Study of RLY5016 in Healthy Adults.

![](10.1177_1074248416629549-table3)

                                                  RLY5016 Dose (TID)   Placebo (N = 8)                                              
  ----------------------------------------------- -------------------- ------------------ -------------------- -------------------- ----------------
  Fecal potassium excretion (mg/d), mean ± SD                                                                                       
   Baseline^a^                                    758.1 ± 91.5         794.0 ± 198.9      676.5 ± 114.5        862.0 ± 172.6        768.1 ± 297.9
   End point^b^                                   901.7 ± 127.6        1411.1 ± 279.9     1746.1 ± 246.6       2791.4 ± 309.2       937.4 ± 708.2
   Change from baseline to endpoint               143.6 ± 96.6         617.2 ± 132.8^c^   1069.7 ± 218.1^d^    1929.4 ± 416.5^d^    169.3 ± 477.2
  Urinary potassium excretion (mg/d), mean ± SD                                                                                     
   Baseline^a^                                    3493.7 ± 570.4       3447.2 ± 446.6     3765.5 ± 325.8       3748.8 ± 248.5       3644.9 ± 468.3
   End point^b^                                   3491.8 ± 539.3       2914.7 ± 452.8     2622.4 ± 221.1       1792.9 ± 384.3       3389.3 ± 669.2
   Change from baseline to end point              −1.9 ± 136.6         −532.5 ± 234.3     −1143.2 ± 316.9^d^   −1955.8 ± 277.3^d^   −255.6 ± 518.6

Abbreviations: SD, standard deviation; TID, 3 times daily.

^a^Baseline data were collected on days 5 to 11.

^b^End point data were collected on days 13 to 19. Patiromer doses are expressed as the amount of the polymer anion.

^c^*P* \< .02 versus placebo.

^d^*P* \< .001 versus placebo.

Patiromer beads were recovered from the phase 1 study human fecal samples. The physical stability of the patiromer beads during transit through the GI tract was evaluated through microscopic analysis, which confirmed that the beads recovered from feces remained as intact spheres of approximately 100 μm ([Figure 8](#fig8-1074248416629549){ref-type="fig"}).

![Microscopic analysis of patiromer beads isolated from the feces of healthy subjects. Healthy subjects (n = 6 per group) received RLY5016 (0.8, 4.2, 8.4, or 16.8 g patiromer 3 times daily \[TID\]) orally for 8 days. Complete 24-hour fecal collections were performed on days 13 to 19. Patiromer beads isolated from the fecal samples remained as intact spheres of approximately 100 μm.](10.1177_1074248416629549-fig8){#fig8-1074248416629549}

Discussion {#section16-1074248416629549}
==========

The principle behind controlling serum cation levels (eg, sodium and potassium) using the oral administration of cation-exchange resins was first introduced in 1946 in the context of increasing sodium excretion and fluid management in the prediuretic era.^[@bibr35-1074248416629549]^ More than a decade of intensive study followed, where different acid-containing resins (ie, polymers) were administered with different counterions (ie, salt forms), to examine their efficacy in treating fluid overload, hypernatremia, or hyperkalemia. Sodium polystyrene sulfonate was approved more than 50 years ago as a potassium binder, however, it has not been widely used to treat chronic hyperkalemia, possibly because of the risk for life-threatening adverse effects and fluid overload as a consequence of the sodium counterion.^[@bibr24-1074248416629549][@bibr25-1074248416629549][@bibr26-1074248416629549][@bibr27-1074248416629549][@bibr28-1074248416629549]--[@bibr29-1074248416629549]^ Because of these troubling features of SPS, there has been a long-felt medical need for a new polymer to treat hyperkalemia.

Patiromer has been developed as a next-generation, nonabsorbed, high-capacity potassium-binding polymer with optimal physical characteristics of the polymer beads such as uniform spherical shape and defined particle size. Patiromer has been shown in randomized clinical studies to significantly reduce serum potassium in patients with CKD (with or without diabetes) on RAASi.^[@bibr30-1074248416629549][@bibr31-1074248416629549]--[@bibr32-1074248416629549],[@bibr36-1074248416629549]^ Furthermore, the use of calcium rather than sodium (which is the exchange cation in SPS)^[@bibr25-1074248416629549]^ as the exchange counterion may make patiromer a good choice for patients who cannot tolerate even small increases in sodium load.

The fact that the patiromer polymer is not absorbed is a major contributing factor for the safety profile of patiromer. With an average bead size of ∼100 µm, patiromer particles are too large to be absorbed during transit through the GI tract.^[@bibr37-1074248416629549]^ This has been confirmed by animal studies using ^14^C-RLY5016, in which recovery of the radiolabel in feces and urine of dogs was 99.9% and \<0.1%, respectively. Radiolabel studies in rats showed a slightly lower recovery in feces and similar recovery in urine (84.1% and 0.15%, respectively); however, the lower-than-expected fecal recovery was attributed to losses during the collection and homogenization of the rat fecal samples. Quantitative whole-body autoradiography of rats treated with ^14^C-RLY5016 did not detect any labeled polymer outside the GI tract.

A number of chemical features of patiromer were designed to enhance efficacy. Patiromer takes advantage of the high-binding capacity of carboxylic acid resins, but the unique design feature that incorporates an electron-withdrawing fluorine enables the carboxylates in patiromer to retain their binding capacity in the small and large intestine. The carboxylic acid binding sites in the patiromer polymer ([Figure 1](#fig1-1074248416629549){ref-type="fig"}) have higher binding capacity than the polystyrene sulfonate binding sites on SPS. In the studies measuring potassium-binding capacity under physiologically relevant pH conditions, patiromer was able to bind 8.5 to 8.8 mEq of potassium per gram of polymer at a pH (6.5) similar to that found in the colon. More importantly, patiromer has a much higher potassium-binding capacity (1.5- to 2.5-fold improvement) than other polymers tested under these conditions.

The electron-withdrawing ability of the fluorine molecule ([Figure 1](#fig1-1074248416629549){ref-type="fig"}) lowers the pKa of carboxylate compounds, which increases the acidity of the carboxylate. When fluorine replaces the methyl group in methacrylic acid, the pKa drops from 4.7 to approximately 2.6.^[@bibr33-1074248416629549]^ Consequently, the presence of fluorine at the α-carbon adjacent to the acrylate carbonyl group in patiromer lowers the pKa of the carboxyl group in the polymer to a pH of 6.0, which is lower than the average colon pH of 6.6.^[@bibr38-1074248416629549]^ Thus, patiromer should exist mostly in the ionized form in the colon. Moreover, as potassium is the most abundant cation in the colon^[@bibr6-1074248416629549],[@bibr7-1074248416629549]^ and the residence time of the polymer is the longest in this segment of the GI tract,^[@bibr39-1074248416629549],[@bibr40-1074248416629549]^ patiromer is believed to act primarily at this site, although potassium binding may occur in the upper GI tract as well. The presence of colonic BK channels and their upregulation in the setting of reduced renal function further highlight the colon as a physiologically important locus for potassium binding by patiromer.^[@bibr14-1074248416629549]^ In patients with advanced kidney failure and hyperkalemia, secretion of potassium into the colon is upregulated 2-fold to 8-fold via these channels. By binding potassium in the colonic lumen, a concentration gradient is established that increases secretion of potassium by colonic BK channels. In addition, reabsorption of potassium in the rectosigmoid colon that might attenuate this secretion process is prevented, promoting additional potassium elimination.

The data in animals reported here support the effectiveness of patiromer in lowering serum potassium via an increase in fecal potassium excretion, an important mechanistic finding. In hyperkalemic rats (NADR-TQ), where secretion of potassium into the colon is elevated to compensate for renal insufficiency, fecal potassium excretion increased 3-fold over that of normal rats. Despite the already elevated fecal potassium excretion in these animals, patiromer treatment resulted in an additional 2-fold increase in fecal potassium excretion compared to untreated NADR-TQ rats, thereby reducing serum potassium levels to within the normal range.

Fecal removal of potassium by patiromer was also confirmed in a phase 1 clinical study, in which patiromer significantly increased fecal potassium excretion and significantly decreased urinary potassium excretion in healthy adult volunteers. Analysis of the patiromer beads recovered from the feces of subjects in this study showed that the beads remained as intact spheres of approximately 100 µm, indicating that patiromer maintains its structure during passage through the GI system.

The optimized physical characteristics of patiromer (ie, uniform spherical shape, defined polymer bead size, and a low swelling ratio) may improve patient tolerability of administration and minimize undesirable GI effects. It was reported previously that bead polymers with similar physical characteristics had improved GI tolerability in patients compared with irregular-shaped polymers.^[@bibr41-1074248416629549]^ In a 52-week randomized trial of patiromer, 304 patients with CKD maintained on RAASi were evaluated, and the most common adverse event noted over 52 weeks of treatment was mild or moderate constipation (6.3%); only 2 patients discontinued patiromer therapy due to constipation.^[@bibr32-1074248416629549]^

Conclusion {#section17-1074248416629549}
==========

Patiromer is a nonabsorbed, high-capacity polymer specifically designed to bind potassium in the colon, where the highest concentration of potassium is available for excretion via the feces. In vitro and animal studies confirmed that patiromer is nonabsorbed, has higher binding capacity than SPS in vitro, and decreases serum potassium via an increase in fecal excretion in a hyperkalemic rat model. In healthy humans, patiromer significantly increases fecal and decreases urine potassium excretion compared with placebo and, during passage through the GI tract, retains its structural integrity. The chemical and physical characteristics of patiromer contribute to its demonstrated efficacy and may lead to good tolerability and patient acceptance.
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